Over the last one and half decades the constantly growing interest to a problem of rapid solidifying the melted micro-droplets of various materials at their impact with a surface has been marked. This phenomenon is at the basis of many technologies, such as plasma, detonation and flame spraying, arc-spray, spray-casting, micro-atomization of powders, solder-drop-printing in microelectronic, making the microcrystal and amorphous materials, and producing the high-temperature superconductors. The system micro-droplet -substrate is very suitable for a physical materials science in studies of the non-equilibrium phase diagrams of different alloys and composite materials under extreme conditions. Practically speaking we have dealings with independent scientific and technological line of investigation -micrometallurgy of a small volume of melt at its collision with an obstacle surface or, in other words, splats' micro-metallurgy. The paper presented is devoted to a brief review of theoretical, computational and experimental investigations carried out by composite authors during the last decade.
Introduction
During the last one and half decades, increasingly growing interest was expressed to the problem of ultrarapid quenching of melt micro-droplets of various materials upon their impingement on a surface (1) - (17) . This phenomenon is basic to many advanced technologies such as plasma, arc, detonation and flame spraying, powder micro-atomization, solder-drop-printing in microelectronics, production of microcrystalline and amorphous materials and high-temperature superconductors. Also, it is of great interest for heterogeneous plasma chemistry and materials science when it is necessary to study nonequilibrium state diagram of different alloys and composite materials under extreme exposures. It was recognized that further progress in improving both quality and structure of sprayed materials largely depends on our understanding of processes that occur during interaction of liquid particles, carried by a high-temperature jet, with substrates.
Characteristic features of this system are the fine particulates, the wide range of velocities and temperatures of droplets at their interaction with a surface and, as a consequence, the presence of many factors essentially complicating the analysis of the attendant phenomena. The interaction proceeds under extreme conditions like the high rate of droplet deformation, cooling, phase changes, and abnormal high local density of thermal fluxes and drastically variation of the physical properties of particle and substrate materials. Therefore, as the result of heating a particle in high-temperature jet and its subsequent quenching under impact with substrate, a spread out and solidified droplet, what is known as splat, can be in specific cases in metastable or amorphous state.
Practically speaking we have dealings with independent scientific and technological line of investigationmicro-metallurgy of a small volume of melt at its collision with an obstacle surface or, in other words, splats' micro-metallurgy.
Two types of solidification process under splat formation are possible: (i) volume solidification, (ii) layer-bylayer solidification. The first type is the case if the whole melt contained in the droplet volume is overcooled down to a certain critical state, after which solid nuclei appear in the melt. The process may take either homogeneous or heterogeneous path. The latter possibility is more probable since actual alloys normally contain insoluble submicron particles that act as nucleation centers. Then, the nuclei formed further grow in size releasing the crystallization heat. During this period, the hydrodynamic processes in the droplet rapidly decay owing to an abrupt increase in the apparent viscosity of substances (both of the liquid and crystals). The morphology of splat formed correlates with the shape the droplet acquires by the beginning of solidification.
Crystallization of the second type is characterized by the formation of a solid metal crust at the spot where the melt immediately contacts with substrate surface, the cooling there being most rapid and the formation of nucleation centers on the surface micro-roughness possible. During continuous cooling of the pure metals and eutectic alloys, a microscopically smooth crystallization front steadily propagates upward, separating out the already solidified metal from the liquid one. In this case, the liquid drop may evolve on the solid crust formed by metal crystallization. The rate of the crystallization front and the dynamics of the liquid part of the drop determine the morphology of the final splat.
It should be noted that quantitative description of solidification with due account for volume nucleation is difficult because of the lack of many data, required for calculation, on physical, chemical and kinetics parameters of non-equilibrium crystallization of high-velocity (u p0 > 100 m/sec) liquid alloy droplets, for which the cooling rate is normally higher than 10 5 K/sec (18) . In this connection, it seems to be an urgent matter to further develop hydrodynamic and thermophysical concepts for the interaction between a liquid particle and a solid surface. Since a detailed experimental study of the majority of processes that occur in a melt particle and in the near -surface region of base (a substrate or already deposited layer) is extremely difficult, the only way to get a better insight into the phenomenon is to perform numerical experiments together with derivation of model analytical solutions (10) , (15) , (16) , (19) - (21) . Creation of a required theoretical background is a pressing problem, solution of which is extremely necessary for adequate interpretation of experimental data and for their generalization. The basics devised may be helpful in developing physical and mathematical models for unsteady conjugated conductive -convective heat transfer and phase transitions that occur during impingement of liquid micro-particles on surfaces (19) , (21) .
Nomenclature t : time r, z, θ : radial, longitudinal and azimuthal coordinates U = (U z ,U r ,U ϕ ) : velocity vector in cylindrical system of coordinate P : pressure T : temperature ρ, c : specific density and heat capacity µ, ν = µ/ρ : dynamic and kinematic viscosity λ, a = λ/ρc : thermal conductance and diffusivity σ, ε : coefficients of surface tension and total emissivity L m : fusion heat V, M : volume and mass ζ, ξ : the coordinates of melting (solidification) front in droplet and substrate D : diameter of droplet, splat etc. h : thickness of layer, splat etc.
bm : criterion of thermal activity of substrate material to particle material f 
Theoretical Analysis
In our earlier publications (see Refs. (22) - (24) and some others) we devised a theory of equilibrium solidification of a liquid metal droplet impinging on a solid surface under Pr 1 (low viscosity -high thermal conductance of melt). The theoretical background developed had allowed us to formulate some recommendations for using in thermal spraying technologies (25) . It was obtained a representative set of model experimental splats -particles flattened and solidified on substrates, under fully controlled key physical parameters (KPPs): velocity u p0 , diameter D p and temperature T p0 of the particle prior to its impact with a polished substrate, and temperature T b0 of the substrate (10) , (25), (26) . Using this theory, without introducing any empirical coefficient, we carried out a criteria generalization of our own and previously reported data on splats' thickness h s and diameter D s , -parameters of utmost importance, necessary for obtaining reliable estimations of many functional characteristics and structural quality of coatings. Second, we have analyzed the splat thickness and diameter sensitivity to the disturbances of the KPPs. Third, we obtained some dependences of interest for establishing a feedback control in the thermal spray technology.
As far as metal oxide splats formation is concerned, recently the advanced theoretical approach was also developed and experimentally verified (16) , (27) , (28) for the case of Pr > 1 (high viscosity -low thermal conductance of melt). All the above have permitted us to develop the new concept of computer-aided coating design through a splat design (29) . 2. 1 Basic scenarios of melt droplet -substrate interaction In accordance with Ref. (24) , the following four basic scenarios of splats formation are possible, depending on the temperature T c0 of the particle/substrate interface ( Fig. 1): ( 1 ) -spreading of the droplet over the solid surface of the base and its simultaneous solidification;
( 2 ) -spreading of the droplet over the surface, its simultaneous solidification, and partial sub-melting of the base at the base/particle contact spot; ( 3 ) -spreading of the liquid droplet over the surface with simultaneous sub-melting of the base, followed by ( 4 ) -spreading of the liquid particle over the solid surface, followed by cooling and solidification of the flattened drop with simultaneous recoiling of its edges. ϑ c0 is the dimensionless contact temperature without allowance for the heat of possible phase transitions
). In consideration of a particular scenario, the temperature ϑ c0 should be corrected for possible occurrence of phase transitions. If an analysis shows that the refined contact temperature ϑ c does not satisfy the initially chosen scenario, then the scenario should be replaced with another one in compliance with Fig. 1 .
For each of the above-listed scenario, two characteristic regimes of heat transfer between the melt and the solid wall (either the particle solidification front surface ζ(r,t) or the substrate z = 0) are possible depending on the ratio between the thicknesses of the dynamic and thermal boundary layers in the melt flow (see Fig. 2 ), whose value, in a first-order approximation, can be estimated as δ ν /δ a ≈ √ Pr. Table 1 lists characteristic Prandtl numbers of some metals and oxides.
Apparently, a description of conductive-convective heat transfer between a metal or metal oxide melt with a solid wall should be based on two different model approaches (16) , (27) . • preliminary assessment of the spraying modes,
• usage in through numerical experiment in order to simulate the process of splat formation, as simultaneous numerical calculation of impacts of hundreds and thousands of droplets with the base would require enormous time-consuming expenses,
• application of the theoretical solutions as asymptotic ones, for instance, correct computation of start and final stages of droplet solidification, etc.,
• generalization of the experimental data characterizing splat thickness and diameter. Now there are a number of Refs. (1), (6) and (30) - (43) dedicated to both theoretical and experimental generalization of only splats' diameters in the process of thermal spraying. Here, authors use a dimensionless splat diameter Table 2 ). When assuming cylindrical form of the splat, dimensionless splat thick-
We −2β taking into account the conservation of particle' mass prior and after impact. As clearly seen from Table 2 , the authors of Refs. (1) and (30) - (35), with the purpose of generalizing their own experimental data, try to fit the coefficient α in the solution obtained by Madejski (30) when considering viscous flow in the vicinity of stagnation point.
The analysis of these dependences has been fulfilled Table 2 Values of the coefficients in approximation dependences characterizing splat diameter derived by the different authors in Refs. (5), (25) and (44) . As it was indicated, the authors usually do not take into account the thermophysical features of the examined problem and restrict themselves only to hydrodynamic approximation. These approximations are based on the assumption according to which the solidification of the particles takes place after their complete flattening. At the same time, Refs. (5), (10), (44) and (45) provide strong evidence that this approach is contrary to fact. In this connection, it has undertaken the attempt to develop the new thermophysical fundamentals free of the above-mentioned shortage.
3 Advanced foundations of metal splat formation (Pr 1)
The main difference between the theoretical approach developed and those described in our previous publications (for example, see Refs. (5), (22) and (23)) is that solutions obtained can be used to predict the splat thickness h s in the vicinity of the stagnation point or, in other words, for the contact spot (2r ≤ D p ), for which the assumption on one-dimensional nature of the processes of conjugate conductive-convective heat transfer in the particlesubstrate system, including the phase transitions, is sufficiently substantiated. In this formulation, the parameter h s = h s /D p is linked more closely with the KPPs of the interaction and takes into account the thermophysical properties of the examined pair of the materials. For the conditions, typical of thermal spraying, it is almost independent of the processes, taking place at a periphery of spreading droplet (2r > D p ). Consequently, experimental verification of the reliability of the proposed theory could be carried out accurately and efficiently. Assuming that a force of a surface tension at rather high We and Re numbers can be ignored, the dimensionless thickness h s = h s /D p and diameter D s = D s /D p of splat, for the most widespread first scenario, i.e. T pm > T c < T bm , are characterized by
where Fo * is dimensionless time when a droplet top meets the solidification front, the coefficient α c 0.259 characterizes the relative contribution of heat transfer due to a melt convection in the vicinity of stagnation point in comparison with conductive heat transfer. Contact temperature taking into consideration the phase transition is defined as
The solutions corresponding second and third scenarios were reported in Ref. (5).
4 Advanced foundations of metal oxide splat formation (Pr > 1)
Further improvement of quality and structure of sprayed metal oxide coatings (Al 2 O 3 , ZrO 2 , TiO 2 , Cr 2 O 3 , etc.) largely depends on our understanding of the processes that proceed as melted particles, transported by a high-temperature jet, interact with the substrate (9) , (25), (46) - (50) .
A new theoretical solution for the thickness and diameter of plasma-sprayed metal oxide splats (Pr > 1) was obtained and experimentally tested in Refs. (3), (27) and (28) . To derive the solution that characterizes deformation and solidification of a metal oxide droplet on a solid substrate in the scenario most frequently met in the thermal spraying, we consider, in succession, the following two stages: (i) potential spreading, (ii) subsequent inertial viscous spreading.
4. 1 The stage of potential spreading
This stage is restricted to the droplet potential spreading period that starts at the moment t =0 (Fig. 3 (a) and finishes at the moment t * 1 , at which time the top of the spreading droplet reaches the external boundary of the viscous layer ( Fig. 3 (b) ), i.e. z p (t * 1 ) = δ ν,eff +h s1 , where δ ν,eff χ ν
pm /α, and h s1 = ζ(t * 1 ) is the thickness of the layer that solidified at this stage. As a first approximation, we may assume that the droplet top moves with a constant velocity u p0 , i.e., its current coordinate may be represented as z p (t) = D p − u p0 t. As it follows from the dimensional analysis (27) , l 0 = 3 a 
pm . Parameter α corresponds to the potential flow in the vicinity of stagnation point. Passing to the dimensionless variables τ = t/t 0 , η = z/l 0 , we obtain a bi-quadratic equation for the duration of the first stage:
Solving Eq. (5), we have (27) 
Parameter c ζ characterizing the rate of solidification is calculated in accordance with Eqs. (2), (3) at α c = 0. The contact temperature ϑ c is defined by Eq. (4).
4. 2 The stage of viscous spreading
This stage begins at the moment t = t * 1 ( Fig. 3 (b) ) and finishes at the moment t = t * 1 +t * 2 , when the upper boundary of the viscous layer meets the solidification front, i.e. z p (t * 1 +t * 2 ) = h s1 +h s2 (Fig. 3 (c) ). The current coordinate of this boundary, on the assumption that it continues the motion in the velocity field of the initial viscous flow, may be determined as z p (t ) = δ ν,eff /(1 + βδ ν,eff t ), t = t − t * 1 , t ≥ t * 1 , and the thickness of the layer solidified at this stage may be found as h s2 = ζ(t * 1 + t * 2 ) − ζ(t * 1 ). Hence, to determine the duration of the second stage t * 2 , it is necessary to solve a cubic equation written in dimensionless form δ ν,eff /(1 + δ ν,eff τ)
where δ ν,eff = δ ν,eff /l 0 , h s1 = h s1 /l 0 . As a result, for the total duration of the splat formation process and for the final splat thickness we derived the following dependences (27) t *
The real root of the cubic equation corresponding to Eq. (8) of interest is
The final splats' diameter D s (Fig. 3 (c) ) is found using the assumption that the droplet solidifies as a cylinder the same mass, i.e. as per Eq. (1).
Model Experiments
3. 1 Formation of metal splats and theoretical generalization In Refs. (5), (10) and (21) we have carried out the cycle of the model experimental studies with the aim to create a representative collection of splats obtained under conditions of full control of KPPs for the model materials (particle -In, Sn, Pb, Zn and Ag; polished substrate -In, Sn, Cu, stainless steel (SS)) and, on its base, to check the possibilities of different theoretical dependences describing the thickness and diameter of splats. The principal diagram of the setup developed is shown in Fig. 4 . Figure 5 (a) illustrates the results of criterion generalization of the experimentally measured diameter more than 600 splats, while in Fig. 5 (b) there are illustrated the results of comparison of the theoretically predicted thickness and calculated from the equation of mass balance of the experimental particles prior and after their interaction with substrate based on the measured diameter of splats. One can see, that the theoretical solution developed (solid lines) generalizes quite satisfactorily the experimental data without introducing any empirical constant. At the same time, the best dependence (36) (among the dependences listed in Table 2 ) deviates essentially from the experimental data.
2 Additional model experiments
It was carried out the model experiment to study the deviation of theoretically predicted splats diameter from experimental one at low We and Re numbers. As evident from the Fig. 6 , the influence of surface tension becomes 6 The results of studying influence of surface tension on final diameter of tin splats on copper and stainless steel substrates at rather low We and Re numbers. 1, 2 -theoretical solution (1) for copper and stainless steel substrates, 3 -Cheng's dependence (40) , circles are the experimentally measured diameter of splats negligible when We > 200.
The results of other model experiments (51) , presented in Figs. 7 and 8 , demonstrate the possibility of continuous changing the scenarios of splats formation for the given pairs of materials (In-Sn and Sn-In). In the first case (Fig. 7) , it takes place the following sequence of scenarios: (1) → (4) → (3), and in the second case (Fig. 8) , we have the sequence (1) → (2) → (3).
It is evident from the results illustrated by Fig. 7 , all other factors being equal, as the contact temperature ϑ c approaches to melting point of the particle material (ϑ pm = 1), the solidification of droplet is suppressed and a splat diameter increases (points 1 -3). And further, when contact temperature becomes higher than the particle melting point, the droplet spreads over substrate without phase transition and only after that the liquid layer obtained cools down and solidifies (points 4 and 5). The last point in Fig. 7 (photo 6) corresponds to the case when the contact temperature is simultaneously higher as against the melting temperature of particle and substrate materials. As photo 6 indicates, this scenario of splat formation differs noticeably from the previous ones, i.e. during the drop flattening there are take place the substrate melting in the vicinity of a stagnation point (2r ≤ D p ) and a profound viscous interaction between two thin layers of liquid metals with the resulting formation of a crater in the central region of the resultant splat. At the same time, at the periphery of splat the accumulation of particle and substrate materials is observed. The radial flow of melt, leaving the region of the order of an initial diameter of drop (2r ∼ D p ), captures the material from a thin layer of partially melted substrate and, in the absence of heat input, it experiences a drastic deceleration of flow due to viscosity and cooling. The subsequent layers of melt meet a natural barrier appeared, and as result the further accumulation of particle and substrate materials takes place at the stage of inertia spreading out the droplet. In support of this interpretation a crater is pronounced in the central part of splat in Fig. 7 (photo 6) and Fig. 8 (photos 9 and 10 ). This circumstance is the characteristic feature of splat formation in accordance with scenario 3.
Relative bond strength of splat with substrate is of interest for different thermal spray technologies. In accordance with Ref. (52), theoretical dependence characterizing the relative adherence of particle with substrate as a result of topochemical reaction on contact interface "solidifying droplet -substrate" looks like, Interface between silver splat and silver substrate after forcing out a splat
where σ(t) -bond strength reached by time t, σ max -maximal bond strength reached by the end of process, N 0 -the number of atoms or particles on the substrate surface being in physical contacting, N(t) -the number of atoms from among N 0 , reacted by time t, ν -frequency of natural oscillations of atoms in lattice, (ν = 10 13 sec −1 ), E a -activation energy, k -Boltzmann constant (k = 1.380 5 · 10 −23 J/K), T c K -temperature in contact "particle -substrate". Figure 9 illustrates the mechanism of splats' binding with substrate after silver droplet impact with substrate (52) . In the center of contact area with diameter of D it is seen the region with diameter D x where splat joined with substrate ( Fig. 9 (a) ). Region D x is filled out by areas where fragments of particles' material were pulled out after detaching ( Fig. 9 (b) ). Enlarged fragments of particles' material in the areas of its joining after forcing out of splat from substrate are shown in Fig. 9 (c) and (d) .
3. 3 Formation of metal-oxide splats and theoretical generalization Analysis of the problem as applied to the formation of metal-oxide splats (high viscosity -low thermal conductivity) shows that, by now, a great number of publications are available reporting experimental data concerning the first scenario of the melted drop -substrate interaction, whereas no systematic experimental data and no criterial generalizations of splat characteristics were reported for the last three scenarios (2) - (4) (Fig. 1) . In addition, avail-able experimental data for the first scenario are qualitative since the authors do not report all sets of KPPs used in obtaining their splats. The latter makes adequate approbation of theoretical foundations and simulation data, and also performing criterial generalization of splat characteristics impossible. In this connection, systematic model experiments aimed at obtaining representative sets of metaloxide splats under full control of KPPs seems to be an urgent matter. Such unique studies became possible after developing the automated experimental setup described below.
To study the impingement of single melted particle onto a substrate under full control of KPPs, we used an experimental setup that included the following components: a 50-kW nominal power air plasma torch with interelectrode insertion (25) ; a TWIN-2 powder feeder; a unit for separating out single plasma jet heated particles that consisted of a water-cooled diaphragm, a rotating disk, and a solenoid-driven shutter; a thermally controlled pedestal for mounting the substrate and its controllable heating to a desired temperature; and a diagnosing complex for measuring the impact velocity, surface temperature and size of a single particle impinging onto the substrate.
A schematic diagram of the setup is shown in Fig. 10 . After the particle passes a 1-mm diameter hole in the diaphragm D and subsequently traverses the control measuring volume (CMV) of the diagnosing complex, the electromagnetic shutter ES blocks to separate-out the particle from the plasma jet. The actuation time of the shuttle is 1.5 msec. The typical time interval between the passages of the successive particles being several tens of mi-(a) Fig. 10 Schematic diagram of the physical setup (a) -diagnostic complex; (b) -multi-slit diaphragm, (c) -rotating disk with a solenoid-driven shutter. PT -plasma torch; S -substrate; D -diaphragm for droplet selection; L1, L2, L3 -lenses; P -deflecting prism; SD -diaphragm; DM1, DM1, DM3 -dichroic mirrors; M1, M2 -mirrors; F1, F2, F3, F4 -light filters; PEM1, PEM2, PEM3, PEM4 -photo-electronic multipliers; BIS -discriminator; ADC -analog-to-digital converter croseconds. So, there is a possibility of simultaneous impingement of several particles onto the substrate. To reduce the probability for such events, a rotating disk (chopper) with a 5-mm hole matched with the diaphragm hole was installed behind the shutter, which has allowed us to reduce the characteristic separating-out time of a single particle to 150 µsec (Fig. 10 (c) ). The measuring volume of the diagnosing complex, formed by the pickup lens L 1 ( Fig. 10(a) ) and the two-slit diaphragm SD, was situated 5 mm away from the water-cooled diaphragm D (Fig. 10 (b) , w 1 = 100 µm, w 2 = 800 µm, I = 800 µm, 3-mm height). The two-slit diaphragm SD (Fig. 10 (b) ) installed in the image plane of the moving particle permitted simultaneous measurements of the temperature and axial velocity of the particle (53) . With the help of the dichroic mirrors DM 1 and DM 2 and transmitting optics, the radiation emitted by the particle is projected onto the photo cathodes PEM 1 , PEM 2 , and PEM 3 with the light filters F 1 , F 2 , and F 3 , installed in front of them and having narrow filter transmission bands.
The amplified signals from the photo cathodes PEM 1 , PEM 2 , and PEM 3 of the measuring channel are fed to two double channel ADCs with synchronized starting. The amplified signal from the photodetector PEM 3 enters the discriminator (BIS) that gives out standard signals for triggering ADC if the emission intensity of the particle exceeds a certain threshold level. The discriminator is used to exclude the possibility of false start-ups caused by background thermal emission of plasma flow.
The substrate S is mounted at a distance of 4 mm from the measuring volume, on the surface of an ohmic heater equipped with a thermocouple and enabling controllable variation of substrate temperature up to a temperature of 700 K.
To determine the parameters of a plasma jet heated single particle, we analyzed the thermal emission of the particle at three wavelengths: λ 1 = 0.632 8 µm, λ 2 = 0.721 µm, and λ 3 = 0.890 6 µm. To reconstruct the impact velocity, temperature and size of the individual particle, we used a specially devised computation algorithm based on correlation analysis of real and model pyrometric signals combined with an estimation procedure for the particle characteristics employing the least-squares method. Other details of data processing method are described in Refs. (28) and (53) .
To experimental testing the theoretical foundations developed in Ref. (27) , we performed a series of experiments with the aim to collect a set of alumina and yttriastabilized zirconia splats deposited on various substrates. The comparison of theoretically predicted and experimentally measured diameter and thickness of splats is presented in Fig. 11 . As is seen, a rather good agreement is observed between the experimental and theoretical data without introducing any empirical constant.
Modeling Melt Droplet -Substrate Interaction
Let's assume that spherically symmetric droplet impinges onto a wettable rigid substrate. The trajectory of the drop is normal to the substrate surface, and the initial substrate temperature is lower the crystallization point of the drop material. After the collision, the drop surface starts deforming, and an initial liquid flow develops in the drop (Fig. 12) . In applying solder drops onto substrates in microelectronic technology, moderate impact velocities, u p0 = 1 -10 m/sec, are normally used, the drop diameters being D p = 40 -100 µm. The cooling rate under such conditions is usually lower than 10 5 K/sec. Therefore, to adequately describing crystallization of pure metals and eutectic alloys (in our case, Sn+Pb), one may use the Stefanproblem approximation, assuming that the temperature at the solid-liquid interface coincides with the equilibrium solidification point, the crystallization front is macroscopically smooth, and the nucleation in the liquid metal may be ignored.
1 Viscous fluid dynamic equations
To numerical study the dynamic of a liquid drop after its impingement onto solid surface, we use the NavierStokes equations for a viscous incompressible fluid, assuming the flow in the droplet to be laminar and the values of the thermophysical properties of the melt to be constant and equal to their mean values in the temperature range under consideration. With allowance for the assumptions used, the equations of the fluid flow in the cylindrical coordinates shown in Fig. 12 have the following dimensionless form (20) , (54) : 
). System (12) is solved with the dimensionless boundary conditions: τ) is a solidification front. The last relations are supplemented by the conditions at the free surface of liquid particle:
Here n r and n z are the components of a unit vector normal to the free surface of the droplet, along the r and z axes, respectively, and the dimensionless curvature of drop surface is given by the relation
where the prime denotes the derivative with respect to the dimensionless arc length S = s/D p and x s = r s /D p , y s = z s /D p are dimensionless projections of the vector R s /D p onto the r and z axes, respectively (Fig. 12 ).
2 Heat transfer equations
We determine the change in the temperature field in the droplet -substrate system from the solution of the conjugate heat transfer problem posed both in the liquid and solid phases of the particle, which undergoes solidification, and in the substrate. We take into account the liberation of the latent crystallization heat during the phase transition by introducing an effective heat capacity (55) . We write the heat transfer equations in the melt (i = 1), in the layer that has already solidified (i = 2), and in the substrate (i = 3) in the following dimensionless form:
where Pe i = D p u p0 /a i is the Peclet number, ϑ i = T i /T pm and τ = u p0 t/D p is the dimensionless time. The effective heat capacity c eff is defined by the relations
where ∆ϑ = ∆T/T pm is dimensionless temperature interval over which the phase transition is "smeared" (55) . Equation (14) should be supplemented with the following boundary conditions.
1. Initial values of the droplet and substrate temperatures:
2. Adiabaticity condition at the free surface of the drop:
3. Condition of heat transfer between the drop and the substrate:
is the coefficient substrate-to-particle heat transfer through the previously deposited layer(s), and δ s j , λ j are the thickness and thermal conductivity of the jth sublayer, respectively. 4. Conditions of heat transfer at the lower, side and upper substrate surfaces, respectively:
Here L = L/D p , r 3 = r 3 /D p (L, r 3 are the thickness and radial dimension of the substrate; r 3 D p ). 5. Symmetry condition at the z axis in the droplet spreading and substrate:
The heat-transfer equations (14) with boundary conditions (15) - (20), together with Navier-Stokes equations for the liquid part of the particle (12), govern the droplet cooling and solidification process. The numerical algorithm for computing the problem formulated was describe in Refs. (20) and (54) . The proposed model was tested for adequacy by comparing the droplet shape computed for different times after its impingement onto copper substrate with the experimental data previously reported in Ref. (15) . As a drop material, both in the experiment and computations, a tin-lead eutectic (63% Sn +37% Pb) was used. Figure 13 shows the experimentally determined and computed shapes of the droplet, together with the velocity fields in its liquid part for different moments. It follows from Fig. 13 that agreement between the experimental and predicted data is satisfactory (the difference is 10 -20%). The predicted data show that the predominant part of the drop solidifies already by the moment t = 100 µsec after the collision at a velocity of 1.8 m/sec, whereas the upper part of the drop (approximately 1/8 of the particle height) remains liquid. By the above-indicated time, the drop has executed three oscillations (Figs. 13 and 14) . At first, the height of the droplet H(t) decreases, and the liquid spreads in the radial direction. Subsequently, the direction of the fluid flow changes to the opposite one, and the top of the drop starts ascending. Then, the whole process recurs. Simultaneously, as a result of directional heat removal, the lower layers of the droplet solidifies, giving rise to a collar formed at the drop periphery by the radial flowing fluid. The mass of the liquid volume of the droplet gradually decreases. As the mass of the melt not yet solidified decreases, the frequency of the oscillations increases (the period diminishes), and the amplitude decreases tending to zero due to the loss of the fluid-flow energy for viscous friction and the work against the surface-tension force (Fig. 14) . The total solidification time of the droplet in the case under consideration is 127.6 µsec.
The simulations of the YSZ splats formation on a nickel substrate were carried out using the mathematical model and numerical method developed. The results obtained are in a reasonable good agreement with the exper- imental data.
Conclusions
Based on a review presented it is possible to make the following conclusions:
1 ) A representative collection of the experimental splats (more than 600 samples) was obtained for the first time for the series of particle materials (In, Sn, Pb, Zn, Ag, Al 2 O 3 and ZrO 2 ) and substrates (In, Sn, Cu, stainless steel and quartz) under full control of the KPPs.
2 ) The theoretical foundations describing the flattening and simultaneous equilibrium solidification of the metallic (Pr 1) and oxide (Pr > 1) droplets have been developed that allowed to fulfill a criterion generalization of the experimental data characterizing the splats' thickness and diameter when it takes place a stable spreading of a melt and a shape of final splats is not too different from a cylinder.
3 ) There were carried out the model experiments under full control of KPPs prior to melted droplet collision with the polished substrates with the aim to establish the existence of the transition region of the KPPs when the mechanism of droplets spreading out and solidification changes drastically. On the base of the data obtained it was formulated the criterion of a stable metal splat formation. Besides, it was illustrated by the example of model pairs of materials the possibility of the continuous changing the scenarios of splats formation under a purposive changing the KPPs. The theoretical approach allowing to evaluate the relative adherence of splat with substrate as a result of topochemical reaction on a contact interface "solidifying droplet -substrate" was developed.
4 ) The model experimental setup has been developed for studying the splat formation process under full control of the KPPs; measure the particle in-flight temperature by three-color pyrometer increases a reliability of the experimental data; a representative set of the model alumina and yttria-stabilized zirconia splats deposited on polished metal substrates have been obtained under full control of KPPs.
5 ) Thermal and hydrodynamic processes that occur during impingement of the liquid metal and metal oxide droplets onto a multilayered substrate were numerically studied; the model developed is based on the NavierStokes equations for an incompressible liquid and on 'substrate-particle' heat transfer equations that take into account the surface tension forces and solidification of a melt; the simulation results are found to be in satisfactory agreement with experimental data.
